Transgenic mice expressing the c-Myc oncogene driven by the immunoglobulin heavy chain enhancer (Eµ) develop B-cell lymphoma and exhibit a mean survival time of approximately 6 months. The protracted latent period before the onset of frank disease likely reflects the ability of c-Myc to induce a p53-dependent apoptotic program that initially protects animals against tumor formation but is disabled when overtly malignant cells emerge. In cultured primary mouse embryo fibroblasts, c-Myc activates the p19 ARF -Mdm2-p53 tumor suppressor pathway, enhancing p53-dependent apoptosis but ultimately selecting for surviving immortalized cells that have sustained either p53 mutation or biallelic ARF deletion. Here we report that p53 and ARF also potentiate Myc-induced apoptosis in primary pre-B-cell cultures, and that spontaneous inactivation of the ARF-Mdm2-p53 pathway occurs frequently in tumors arising in Eµ-myc transgenic mice. Many Eµ-myc lymphomas sustained either p53 (28%) or ARF (24%) loss of function, whereas Mdm2 levels were elevated in others. Its overexpression in some tumors lacking p53 function raises the possibility that Mdm2 can contribute to lymphomagenesis by interacting with other targets. Eµ-myc transgenic mice hemizygous for ARF displayed accelerated disease (11-week mean survival), and 80% of these tumors lost the wild-type ARF allele. All ARF-null Eµ-myc mice died of lymphoma within a few weeks of birth. About half of the tumors arising in ARF hemizygous or ARF nullizygous Eµ-myc transgenic mice also overexpressed Mdm2. Therefore, Myc activation strongly selects for spontaneous inactivation of the ARF-Mdm2-p53 pathway in vivo, canceling its protective checkpoint function and accelerating progression to malignancy.
Many cancers are characterized by alterations that ultimately lead to constitutive overexpression of the MYC oncogene (for review, see Alitalo et al. 1987) . In most somatic cells, c-Myc functions are necessary for the normal rate of progression of quiescent cells into the DNA synthetic (S) phase of the cell cycle (Eilers et al. 1991; Mateyak et al. 1997) , and therefore, enforced c-Myc expression can confer an advantage to tumor cells by providing constitutive proliferative signals. However, apart from promoting cell division, activation of c-Myc, particularly under growth-limiting conditions, can initiate an endogenous apoptotic program (Askew et al. 1991; Evan et al. 1992) . Therefore, Myc overexpression triggers a potent tumor surveillance response that effectively opposes hyperproliferation by killing those cells in which Myc levels exceed a safe threshold (for review, see Evan et al. 1995; Packham and Cleveland 1995) .
An important mediator of Myc-induced apoptosis in mouse embryo fibroblasts (MEFs) is the ARF-Mdm2-p53 tumor suppressor pathway (for review, see Sherr 1998) . p19 ARF , the product of an alternative open reading frame of the mouse INK4a-ARF locus (Quelle et al. 1995b) , stabilizes p53 and induces p53-mediated transcription (Kamijo et al. 1997 ) by binding to and antagonizing the functions of Mdm 2 Pomerantz et al. 1998; Stott et al. 1998; Zhang et al. 1998) , itself a negative regulator of p53 function (Barak et al. 1993; Wu et al. 1993) (Fig. 1) . Myc activation in MEFs rapidly elevates the levels of p19 ARF and then p53, thereby accelerating replicative crisis by inducing apoptosis . Conversely, MEFs lacking either ARF or p53 function are relatively resistant to Myc-induced apoptosis. MEFs that survive Myc-induced killing generally exhibit either p53 mutation or, more rarely, biallelic ARF loss. One or the other event normally accompanies the establishment of MEF clones capable of continuous cell growth (Harvey and Levine 1991; Harvey et al. 1993b ; Zindy et al. 1997; Kamijo et al. 1997) , thereby facilitating Myc's ability to immortalize cells and to function as a more potent growth promoter in established cell lines. The general concept is that ARF is activated by hyperproliferative signals from oncogenes such as Myc ), E1A (De Stanchina et al. 1998 ), E2F-1 , mutated Ras , and v-Abl (Radfar et al. 1998) . By opposing Mdm2 function, ARF can facilitate p53-dependent cell cycle arrest or apoptosis depending on the biologic context (Sherr 1998) . Consistent with this notion, ARF loss has been reasoned to attenuate apoptosis in developing mouse lenses lacking the retinoblastoma (Rb) protein and expressing deregulated E2F (Pomerantz et al. 1998 ) and occurs during vAbl-induced immortalization of pre-B cells in vitro (Radfar et al. 1998) . Although ARF depends on p53 function to induce cell cycle arrest in MEFs (Kamijo et al. 1997) , the available data do not preclude the possibility that ARF or Mdm2 might interact with targets other than p53, particularly in other cell lineages (Fig. 1) .
Regulation of the ARF-Mdm2-p53 pathway is complex, due to several types of feedback control (Fig. 1) . The p19 ARF protein binds to Mdm2 and can sequester it in the nucleolus (Weber et al. 1999) . Coordinately, ARF induces p53 stabilization and activation within the nucleoplasm, leading to the induction of a battery of p53-responsive genes, Mdm2 among them. In turn, Mdm2 acts to antagonize p53 transcription and stabilization and therefore terminates the p53 response (Fig. 1, pathway  A) . Specifically, Mdm2 binding interferes with p53-dependent transcription (Momand et al. 1992; Chen et al. 1993; Oliner et al. 1993) , catalyzes p53 ubiquitination (Honda et al. 1997; Honda and Yasuda 1999) , and facilitates p53 shuttling from the nucleus to the cytoplasm, where p53 undergoes degradation in 26S proteasomes (Roth et al. 1998) . ARF antagonizes both Mdm2-mediated ubiquitination of p53 (Honda and Yasuda 1999) and Mdm2 shuttling (Tao and Levine 1999; Zhang and Xiong 1999) .
Although not yet understood mechanistically, p53 negatively regulates the expression of ARF (Fig. 1 , pathway B) ) and c-Myc (pathway C) (Levy et al. 1993; Frazier et al. 1998) , thereby providing additional avenues for feedback control. In cells lacking p53, p19 ARF levels increase significantly due to interruption of the p53-ARF feedback loop; conversely, the enforced ectopic expression of p53 in such cells can restore ARF to normal levels Stott et al. 1998 ).
An attractive in vivo model for identifying potential effectors of c-Myc-induced pathways that promote transformation or apoptosis is the Eµ-myc transgenic mouse in which c-Myc is overexpressed in B-cell progenitors under control of the immunoglobulin heavy chain enhancer. After a protracted subclinical course, Eµ-myc transgenic mice develop clonal pre-B and B-cell lymphomas (Adams et al. 1985) , similar to those observed in human Burkitt's lymphomas bearing a translocated (t8;14) c-MYC allele (Alitalo et al. 1987) . These animals display a marked polyclonal proliferation of large B cells in bone marrow and peripheral blood soon after birth, but the increased rates of cell division are initially offset by a high apoptotic index (Jacobsen et al. 1994) . Secondary, and largely unknown, genetic changes occur in these cells that culminate in the expansion of lethal clonal pre-B and B-cell lymphomas (Adams et al. 1985) . Notably, crossing Eµ-myc mice with either Eµ-bcl-2 transgenics (Strasser et al. 1990 ), or p53 +/− mice (Hsu et al. 1995; Schmitt et al. 1999) , markedly accelerates the course of lymphoma development, suggesting that interference with apoptotic pathways rescues Myc-overexpressing cells from death and enables the growth-promoting functions of Myc to predominate. Here we report that c-Myc-induced lymphomagenesis in Eµ-myc transgenic mice selectively inactivates ARF or p53 in the majority of tumors. ARF deletion was observed as frequently as p53 mutation, and disabling either gene markedly accelerated the rate of tumor development in vivo. Complex patterns of Mdm2 overexpression observed in these lymphomas suggest that Mdm2 also contributes to disease, possibly in both a p53-dependent and independent manner.
Results

ARF and p53 are mediators of c-Myc induced apoptosis in primary pre-B cells
Specific effectors of Myc-induced apoptosis are in part dependent on cell type (Packham and Cleveland 1995; Sakamuro et al. 1995) , and this is further complicated by the fact that many previous studies have been performed in immortal cells that lack functional p53 or ARF. To assess the contribution of the ARF-Mdm2-p53 pathway to c-Myc-induced apoptosis in B lymphocytes, we used primary interleukin-7 (IL-7)-dependent pre-B-cell cultures (Whitlock and Witte 1987) derived from bone marrow cells taken from juvenile wild-type, ARF −/− , p53 −/− , and ARF-p53 doubly nullizygous mice. Cells lacking ARF contain an intact INK4a locus and express p16 INK4a at normal levels (Kamijo et al. 1997) . Wild-type pre-B cells can be grown continuously under these conditions for ∼2 months before reaching replicative senescence. In Figure 1 . ARF-Mdm2-p53 circuitry. Myc rapidly induces p19 ARF expression, but without evidence that Myc transactivates the ARF promoter, its action may be indirect. p19 ARF binds directly with Mdm2 to neutralize its function and triggers p53-dependent transcription. In turn, Mdm2 is a p53-responsive gene (pathway A) whose activation cancels the p53 response. Through ill-defined mechanisms, p53 regulates negatively both ARF (pathway B) and Myc (pathway C). However, it is conceivable that the feedback loops affecting ARF and Myc are one and the same.
contrast, polyclonal pre-B cells cultured from the bone marrow of ARF null mice can be maintained in culture for many more months, and perhaps indefinitely (D.L. Randle, C.M. Eischen, M.F. Roussel, and C.J. Sherr, unpubl.) . Flow cytometric analyses using markers that distinguish pro-B, pre-B, and immature B cells demonstrated that p53 or ARF loss did not influence the phenotype of cultured pre-B cells. Irrespective of genotype, the cells were >95% CD24 + , CD43 − , CD19 + , and cell surface IgM − , as is characteristic of pre-B cells. After 1.5-3 weeks of culture on IL-7-producing feeder cells, pre-B cells were infected with a recombinant retrovirus encoding a tamoxifen (TM)-inducible estrogen receptor (ER) module fused to c-Myc (Myc-ER TM ) (Eilers et al. 1991; Littlewood et al. 1995) along with the gene encoding green fluorescence protein (GFP) in cis. Even in the absence of 4-hydroxytamoxifen (4-HT), acute infection of wild-type IL-7-dependent pre-B cells with the Myc-ER TM retrovirus led to the death of a significant fraction of the population, whereas ARF null and p53 null cells appeared to be relatively resistant (see below). The efficiency of infection of these cells varied from 15%-65% in different experiments, but cell sorting for green fluorescence yielded >98% GFP-positive cells that were expanded and expressed equivalent levels of Myc-ER TM protein independent of their genetic background ( Fig. 2A, top) . p53 protein was detected in both wild-type and ARF null cells; p19 ARF was barely detectable in infected wild-type pre-B cells but its levels were markedly elevated in p53 null cells (with disrupted feedback loops; see Fig. 1 ). It should be noted that in general p19 ARF is not an abundant protein, although its levels tend to increase as cells are passaged in culture and approach replicative senescence When maintained in culture, the sorted GFP-positive, Myc-ER-positive population of wild-type cells maintained a three-to fourfold higher apoptotic index (∼25%) than infected cells lacking ARF, p53, or both (Fig. 2C , uninduced cells at time 0; other data not shown). In contrast, the rates of spontaneous apoptosis in sorted wildtype pre-B cells infected with a control GFP-containing vector were negligible. To assess the biologic consequences of Myc activation, 4-HT was added to the cultures. p53 was induced in a time-dependent manner in wild-type cells, whereas ARF null cells exhibited no appreciable response (Fig. 2B) . Despite the fact that wildtype pre-B cells were maintained in medium containing IL-7 and serum, Myc activation led to their rapid death. Within 12 hr of 4-HT treatment, >60% of these cells were dead (Fig. 2C) , and by 72 hr, very few remained alive (not shown). Cell deaths were apoptotic as judged by morphology, Hoescht 33342 staining, and by propidium iodide staining for subdiploid DNA content. In contrast, ARF null and p53 null Myc-ER TM -infected cultures were more resistant to the effects of Myc activation, as judged by their reduced rates of death after exposure to 4-HT (Fig. 2C) . In several such experiments, we observed that ARF-p53 double-null cells were reproducibly more resistant to Myc-induced apoptosis than cells lacking either ARF or p53, and with extended time in the presence of 4-HT, surviving cells emerged more rapidly. These synergistic effects of ARF and p53 loss in pre-B cells were unexpected, as in MEFs, all previously documented effects of ARF expression appeared to be nullified in cells lacking p53 function (Sherr 1998) .
The ARF-Mdm2-p53 pathway is frequently inactivated in Myc-induced tumors
Programmed overexpression of c-Myc in the B-cell compartment of Eµ-myc transgenic mice leads to the devel- opment of clonal pre-B and B-cell lymphomas (Adams et al. 1985) . Generally, tumors do not arise in these mice until they are 6-8 months of age after a prolonged precancerous phase in which increased proliferative rates of B cells in the periphery and bone marrow are offset by a high apoptotic index (Jacobsen et al. 1994) . We harvested bone marrow from Eµ-myc transgenic mice at 4 months of age before disease was manifest and cultured these cells in IL-7-conditioned medium. In parallel, we established bone marrow-derived pre-B cell cultures from nontransgenic sex-and age-matched wild-type, ARF −/− , p53
, and ARF-p53 double-null mice. Although both ARF null and p53 null animals are also prone to tumor development, mice used in these studies lacked signs of disease. During the first 10 days after explantation, most bone marrow cells are not supported by IL-7, and only pre-B cells are maintained and eventually grow out. Emerging proliferating pre-B cells from ARF null and p53 null mice grew at somewhat faster rates than cells from wild-type bone marrow (Fig. 3A) . ARF-p53 double-null cells proliferated even more rapidly, again pointing to unanticipated cumulative effects of ARF and p53 loss on cell growth (see above). In contrast, Eµ-myc-derived pre-B cell cultures could not be expanded within the same time frame (Fig. 3A) , due to an extremely high rate of spontaneous apoptosis (data not shown). Although the overall levels of p53 were roughly equivalent in wildtype versus Eµ-myc transgenic pre-B cells, all Eµ-mycderived cultures expressed elevated levels of p19 ARF (Fig.  3B) . Thus, the high rates of spontaneous death of Eµ-myc transgenic B cells correlated with ARF activation.
The development of lymphoma in Eµ-myc mice is markedly accelerated to a mean of 2-3 months when Eµ-myc transgenics are crossed to hemizygous p53 +/− mice; moreover, many of the tumors arising in these animals have nonfunctional p53 (Hsu et al. 1995 ; 6 of 11 tumors in their report). However, these studies failed to establish whether mutation of p53 is a natural consequence of Myc-induced tumorigenesis. Therefore, we evaluated ARF and p53 status in tumors arising in Eµ-myc transgenic mice. Direct loss of p53 function can occur through either deletion or point mutation, but the latter is predominant as missense mutation of only one allele is sufficient to generate high levels of expression of dominant-negative mutant p53 (Ko and Prives 1996; Levine 1997) . Mutant forms of p53 accumulate to supraphysiologic levels because they are transcriptionally inactive and do not induce Mdm2 to trigger their own destruction (see Fig. 1 ) (Haupt et al. 1997; Kubbutat et al. 1997) . Immunoblotting analyses demonstrated high levels of p53 in 6 of 25 Eµ-myc-induced tumors (Fig. 4A,  top) . Sequencing of the RT-PCR p53 cDNA products amplified from RNA of these tumors revealed missense mutations of p53, whereas p53 was wild type in randomly selected tumors expressing lower levels of p53. Interestingly, three of these mutations occurred at p53 codons that are among the most frequent to undergo mutation in human tumors [mouse Arg-246 (human 249) to Gln; mouse Arg-270 (human 273) to Cys; mouse Arg-279 (human 282) to Leu] (Ko and Prives 1996) . Using Southern blotting analysis, we scored p53 deletion in only one tumor (CR320; Fig. 4B , lane 13), indicating that, as expected, p53 point mutations were more frequent than biallelic deletion. Hence, p53 was disabled in a significant fraction (28%) of Myc-induced B-cell lymphomas (summarized in Table 1 ).
Inactivation of the p53 pathway can also occur with ARF loss, which appears to require deletion of both ARF alleles (Kamijo et al. 1997) . In MEFs that escape senescence, p53 missense mutations are favored over ARF loss by a frequency of ∼4:1, so we might have expected that ARF loss would have occurred only rarely in Eµ-mycinduced tumors. However, by Southern blot analyses using an exon1␤ ARF-specific probe, biallelic deletion of ARF occurred with a frequency comparable to p53 mutation (5 of 20 tumors shown in Fig. 4B , lanes 2,4,6,11,19; 6 of 25 tumors overall, Table 1 ). To further characterize the extent of the deletions at the INK4a-ARF loci, we also probed Southern blots with probes specific for INK4a exon1␣ and performed immunoblotting with antibodies specific for p16 INK4a , an inhibitor of cyclin Ddependent kinases (Serrano et al. 1993) . As expected from their linkage in the genome, ARF and INK4a were codeleted, and p16
INK4a was no longer expressed (data not shown). However, several lines of evidence suggest that INK4a loss does not contribute to disease progression in this system (see below). ARF in explanted bone marrow cells at day 9 of culture. Pre-B cells were grown from the bone marrow of age-and sex-matched animals, including one nontransgenic wild-type (WT) mouse, three Eµ-myc transgenic mice, and from an animal lacking both ARF and p53. Spleen extract from a wild-type mouse and MEFs of the indicated genotypes were used as controls. Proteins were detected by immunoblotting as in Fig. 2 .
In all six tumors that expressed high levels of mutant p53 and in the one (Fig. 4A, CR320 , lane 14) that had sustained p53 deletion, high levels of p19 ARF were detected by immunoblotting (Fig 4A, middle, lanes, 2, 7, 9, 11, 14, 16, 22;  Table 1 ), consistent with disruption of the p53-ARF feedback loop (Fig. 1) . However, high levels of p19 ARF were also detected in three additional tumors ( Fig. 4A, middle; lanes 20,21,24), implying that p53 might have been inactivated through some other mechanism. As Mdm2 is a likely culprit, its expression was examined by immunoblotting (Fig. 4A, bottom) . Two of the three tumors with wild-type p53 and elevated levels of p19 ARF (lanes 21 and 24) also expressed relatively high amounts of p92, p90, or p85 Mdm2 isoforms, all of which are capable of binding to and inactivating p53 . Tumor CR135 (lane 20) was a sole exception, representing a case in which an elevated level of p19 ARF could not be rationalized by Mdm2 overexpression or p53 loss.
Compared to ARF and p53 status, the patterns of Mdm2 overexpression in Myc-induced lymphomas were complex and fit no simple pattern. Elevated Mdm2 levels were observed in two tumors with either mutant (CR203; Table 1 ). Two tumors with no obvious perturbations in p53 or ARF function (CR17, lane 17 and DF195, lane 10) also exhibited high levels of Mdm2, and two others (CR230, lane 13 and DF795, lane 18) expressed minimally increased levels. In principle, the latter cases could conceivably connote p53 loss of function, but we would have expected p19 ARF levels to be elevated under such circumstances (see Fig.  1 ) and they were not. These and other data (see Discussion) raise the possibility that, in some circumstances, Mdm2 might target effectors other than p53 to promote transformation. In no tumor was overexpression of Mdm2 associated with gene amplification (data not shown). Five remaining tumors had no obvious abnormalities (Table 1) . Therefore, mechanisms other than p53 mutation or deletion, ARF loss, or Mdm2 overexpression may have contributed to disease in at least 20% of the Eµ-myc-induced tumors.
ARF loss accelerates Myc-induced lymphomagenesis
Deletion of p53 in mice generally leads to aggressive Tcell lymphomas that kill the mice by 6 months of age (Donehower et al. 1992; Harvey et al. 1993a; Jacks et al. 1994) . In contrast, tumor prone ARF null mice have a mean life expectancy of ∼9 months, and are predisposed to development of sarcomas and carcinomas later in life , ARF +/− , and ARF −/− animals were used as controls (top, three right lanes) and indicate the positions of AflII restriction fragments containing (7.8 kb) or lacking (6.0 kb) ARF exon1␤. (Kamijo et al. 1999a) . Because B-cell lymphoma in ARF −/− mice is very rare, we could directly test the contribution of ARF loss to the development of Myc-induced lymphoma. Congenic C57Bl/6 Eµ-myc transgenic mice were mated to C57Bl/6 × 129svj ARF −/− mice, and F 1 offspring were interbred to obtain ARF +/+ , ARF +/− , and ARF −/− Eµ-myc transgenic mice. Littermates were followed in parallel for disease development. As expected, Eµ-myc transgenics that were wildtype for ARF displayed a mortality curve typical for these mice (Fig. 5 ) (Adams et al. 1985) . In contrast, Eµ-myc transgenics that were heterozygous for ARF displayed a greatly accelerated course of disease, with a mean mortality of 11 weeks (Fig. 5) . The more rapidly arising tumors in ARF +/− Eµ-myc transgenic mice were phenotypically indistinguishable from those occurring in ARF +/+ Eµ-myc transgenic animals (i.e., pre-B and B-cell lymphoma; data not shown).
Elevated levels of p53 (diagnostic of p53 mutants) were not detected in any of the tumors arising in ARF +/− Eµ-myc transgenic mice, and none deleted the gene. Strikingly, Southern blotting demonstrated that 10 of 13 of these tumors had sustained deletions of the remaining wild-type ARF allele (Fig. 6A) . Because the mutant ARF allele containing intact INK4a coding sequences was retained in these tumors, p16
INK4a expression was maintained (data not shown), strongly suggesting that loss of ARF but not INK4a is critically important for lymphoma development in Eµ-myc transgenic mice. In agreement +/+ Eµ-myc and ARF +/− Eµ-myc mice were 30 and 11 weeks, respectively. ARF −/− Eµ-myc animals were underrepresented because a fraction died soon after birth. Of those that survived weaning and were followed prospectively, their average survival was less than 7 weeks. Lymphoma was documented in all the animals. 
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INK4a
-cyclin D/CDK4-Rb pathway was not disrupted.
Immunoblotting also demonstrated that Mdm2 was highly expressed in 7 of 13 tumors arising in ARF +/− Eµ-myc transgenics (Fig. 6B) , including two of three tumors that retained the wild-type ARF allele (DF841, lane 6 and DF851, lane 7). However, overexpression of Mdm2 in the subset of tumors that lacked ARF function again raised the possibility that the genes in the ARF-Mdm2-p53 pathway may contribute independently to disease progression.
A significant fraction of ARF −/− Eµ-myc transgenic animals died soon after birth. Litters were normal in size and timed matings failed to reveal gross tumor development in utero, as previously described for Eµ-myc/Eµ-pim-1 double-transgenic mice . Of those ARF −/− Eµ-myc transgenic animals that survived and were observed beyond weaning, all died of lymphoma by 8 weeks of age (see Fig. 5 ). Tumors arising in ARF −/− Eµ-myc transgenic mice were phenotypically indistinguishable from those emerging in ARF +/− or wildtype Eµ-myc transgenics. Gross anatomic and histopathological studies demonstrated obvious tumor development in ARF null Eµ-myc transgenic mice that were sacrificed at only 2-4 weeks of age. These malignancies presented as highly aggressive lympholeukemias with high white blood cell counts (>50,000 lymphoblasts per mm 3 ) and metastases to liver and lung. The spleens from ARF nullizygous Eµ-myc transgenics were at least twice the size of ARF +/+ Eµ-myc littermates and exhibited architectural disruption with obliteration of lymphoid follicles due to massive infiltration by tumor cells. High levels of Mdm2 as detected by direct immunoblots were observed in half of the ARF −/− tumors (Fig. 6C) , again demonstrating the potential for cooperation between Mdm2 overexpression and ARF loss during Myc-induced lymphomagenesis.
Discussion
Induction of p19
ARF by Myc in MEFs interferes with Mdm2 function and enhances the execution of an apoptotic program that depends at least in part on p53. Whereas the elevated expression of ARF in MEFs leads to p53-dependent cell cycle arrest, Myc overexpression redirects these cells to commit suicide. The apoptotic response to Myc in MEFs is highly dose dependent and is greatly exacerbated by depriving the cells of serum (Evan et al. 1992) . Myc may 'prime' cells to die, for example, by triggering the release of cytochrome C from mitochondria (Juin et al. 1999) . Because very high levels of Myc can kill p53 null cells, p53-dependent signaling is not obligatory for Myc-induced apoptosis. However, MEFs that lose p19 ARF or p53 function are highly resistant to Myc-induced apoptosis , so that Myc's ability to trigger cell death likely reflects functional cooperation between ARF-Mdm2-p53-dependent and independent signaling pathways. Further complexity derives from the fact that Myc stimulates cell proliferation through ill-defined mechanisms. Hence, although the ARF-dependent apoptotic response protects cells from Myc-induced hyperproliferation, in the absence of ARF or p53 function, this checkpoint is corrupted and growth promotion by Myc predominates. Do similar events occur in vivo?
ARF and p53 loss occur frequently in Myc-induced lymphoma
A clear prediction is that Myc-induced tumors might sustain lesions that disable the ARF-Mdm2-p53 pathway or that otherwise counter Myc-induced apoptosis. Previous studies with Eµ-myc transgenic mice support this concept in the sense that when such animals were bred to lack p53 function or to overexpress Bcl-2, apoptosis was diminished in proliferating B cell progenitors and the appearance of pre-B and B cell lymphomas was significantly accelerated (Strasser et al. 1990; Hsu et al. 1995) . Although many genes can synergize with Myc in inducing disease (for review, see Adams and Cory 1992; Jonkers and Berns 1996) , to date the spontaneously occurring genetic events that are responsible for converting the precancerous phase of lymphoma development to overt malignancy have not been cataloged. Our studies now provide direct evidence that ARF and p53 loss of function contribute to about half of the Myc-induced lymphomas arising in these animals and further suggest that Mdm2 overexpression may also abrogate p53 function in additional cases.
Of 25 lymphomas arising in Eµ-myc transgenic animals, seven lost p53 function (six by mutation and one by biallelic deletion), whereas six other tumors sustained biallelic ARF deletions (summarized in Table 1 ). The idea that loss of ARF or p53 function interferes with Myc-induced apoptosis is supported by several observations. First, Myc overexpression rapidly induced apoptosis in primary cultured pre-B cells, even when the cells were maintained in medium containing serum and IL-7. Conditional activation of Myc in this setting led to p53 accumulation and killed the vast majority of cells within 24 hr. In contrast, pre-B cells lacking either ARF or p53 function were highly resistant to Myc-induced apoptosis, and p53 induction was attenuated in ARF null pre-B cells. Second, when bone marrow cells were explanted directly from Eµ-myc transgenic mice and cultured under similar conditions, the emerging pre-B cells expressed significantly elevated levels of p19 ARF , exhibited an unusually high apoptotic index, and unlike normal pre-B cells, could not be expanded in culture. Conversely, pre-B-cell cultures established from bone marrow of ARF null or p53 null mice expanded at faster rates than wild-type cells. Hsu and co-workers (1995) observed p53 loss of heterozygosity in lymphomas arising in Eµ-myc, p53 +/− animals, but they concluded that changes in apoptotic index did not account for the reduced tumor latency. This has been challenged by recent work in which significant apoptotic defects were observed by TUNEL assays in Eµ-myc induced tumors lacking either p53 or ARF function, whereas the mitotic indices and S-phase fractions of all lymphomas analyzed were similar (Schmitt et al. 1999) .
Although ARF null mice are highly tumor prone and die of cancers with a mean latency of ∼9 months, the appearance of B cell lymphomas is rare and most of the animals die of fibrosarcoma, T-cell lymphoma, carcinomas, and tumors of the central nervous system (Kamijo et al. 1999a ). However, ARF +/− Eµ-myc mice developed pre-B and B-cell lymphomas at a much faster rate than their ARF +/+ Eµ-myc littermates, with ∼80% of the tumors having segregated the residual wild-type ARF allele. Equally notable, many ARF −/− Eµ-myc mice died soon after birth, and those that survived had clear evidence of aggressive disseminated lympholeukemia by 2-4 weeks of age and died with extensive tumor burdens within 8 weeks of birth. The strong selection for loss of ARF function in ARF +/− Eµ-myc mice and the extremely rapid pace of disease development ARF −/− Eµ-myc animals argue that ARF is a potent antagonist of Myc-induced oncogenesis in vivo.
Cooperativity between ARF, Mdm2, and p53
If ARF, Mdm2, and p53 function epistatically to attenuate Myc-induced apoptosis in vivo, we might naively expect that loss of ARF or p53, or overexpression of Mdm2, would lead to similar effects so that only one of the three genes would be targeted in any one tumor. However, this need not be the case. Indeed, tumors arising spontaneously in ARF null mice can acquire p53 mutations, implying that the loss of p53 can further accelerate tumor progression (Kamijo et al. 1997) . Unlike ARF, which appears to respond selectively to hyperproliferative signals, p53 is also induced by other forms of stress, including DNA damage by X-rays, ultraviolet light, cytotoxic drugs, and changes in oxygen tension (Levine 1997; Giaccia and Kastan 1998; Prives 1998 ). Because ARF is not strictly required for the p53-dependent checkpoint response to DNA damage (Kamijo et al. 1997; Stott et al. 1998) , p53 loss should have more profound effects on cells than ARF disruption. Moreover, although ARF or p53 inactivation in MEFs (and apparently in mouse pre-B cells; C.M. Eischen et al., unpubl.) enables them to bypass replicative senescence, cultured p53 null cells rapidly increase their ploidy (Fukusawa et al. 1996; Levine 1997) , whereas ARF null cells maintain a diploid DNA content throughout many more passages . The latter differences pertain as well to ARF null versus p53 null Eµ-myc-induced lymphomas (Schmitt et al. 1998 ; C.M. Eischen et al., unpubl.) , implying that these two genes exert differential effects on chromosomal stability. Functional interactions between DNA damage-induced and ARF-dependent p53 signaling pathways have also been documented (De Stanchina et al. 1998; Kamijo et al. 1999b) . Although p53 mutations were not observed in Eµ-myc-induced lymphomas that sustained ARF loss, two Eµ-myc-induced tumors lacking ARF (CR73 and CR205, Table 1 ) and half of the ARF null tumors arising in ARF +/− and ARF −/− animals overexpressed Mdm2, raising the possibility that p53 might be nonfunctional in this setting.
Because p53 provides mechanistically ill-defined feedback controls that negatively regulate ARF (Fig. 1) , p53 loss is generally accompanied by significant p19 ARF overexpression. This can be readily appreciated at the protein level, particularly in cases where mutant p53 and p19 ARF accumulate together. High levels of p19 ARF expression are also normally observed when Mdm2 is amplified or when both alleles of p53 are deleted, and in the latter circumstances, p19 ARF expression can be suppressed by reintroduction of wild-type p53 into the cells Stott et al. 1998) . Consistent with previous findings, all Myc-induced lymphomas that had sustained p53 mutation or deletion exhibited greatly elevated levels of p19 ARF . Under these circumstances then, gross ARF overexpression is generally indicative of p53 loss of function. Three tumors that lacked evidence of p53 mutation expressed very high levels of p19 ARF , and two of these overexpressed Mdm2 (CR156 and CR325, Table 1 ). Yet, one such tumor (CR135) showed no evidence of Mdm2 overexpression implying that additional mechanisms af-
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One gene whose overexpression has been demonstrated previously to collaborate with Eµ-myc in retrovirally accelerated lymphomagenesis is Bmi-1 (Haupt et al. 1991; van Lohuizen et al. 1991; Alkema et al. 1997 ). The Bmi-1 gene encodes a Polycomb group repressor that dampens expression of both p16
INK4a and p19 ARF . Bmi-1 null mice exhibit severe defects in lymphoid and neurologic development, but these are rescued in double null animals lacking both Bmi-1 and INK4a-ARF . This suggests in turn that collaboration between Bmi-1 and myc in lymphomagenesis depends on INK4a-ARF repression. Our studies imply that the relevant focus of Bmi-1 repression in this context is ARF and not INK4a, given that ARF null tumors arising in Eµ-myc, ARF +/− animals retained p16 INK4a function. Moreover, when Eµ-myc transgenic mice were crossed with Rb +/− animals, the rate of tumor formation was not greatly accelerated, and lymphomas that arose retained the wild-type Rb allele (Schmitt et al. 1999) . Thus, the p16-cyclin D/cdk4-Rb pathway does not strongly contribute to tumorigenesis in this system. However, the rate of tumor formation in Eµ-myc, INK4a-ARF +/− mice [mean survival 7 weeks, in two independent studies ] although likely to reflect founder effect differences between INK4a-ARF −/− and ARF −/− strains, leaves open the possibility that p16 loss contributes in a more subtle manner.
Although the above results are consistent with the possible coinvolvement of p53 and ARF in Myc-induced lymphomagenesis, less parsimonious interpretations are plausible. In MEFs, the ability of p19 ARF to induce arrest strictly depends on p53, and ARF loss is seemingly without effect in p53 null cells. Similarly, the loss of Mdm2 does not further alter the growth characteristics of p53-deficient MEFs (McMasters et al. 1996) . However, such data do not preclude the possibility that ARF can interact with targets other than Mdm2, or that the ARFMdm2 protein complex might affect the ability of Mdm2 to interact functionally with other proteins, particularly in other cell types. In this respect, it seems pertinent that ARF-p53 double-null pre-B cells were somewhat more resistant to Myc-induced apoptosis and proliferated more rapidly in culture than cells lacking p53 or ARF alone. If the effects of ARF were exerted strictly through p53, such results should not be obtained. An Mdm2 transgene can contribute to mammary tumor formation in p53 null mice (Lundgren et al. 1997) . Moreover, Mdm2 has been reported to bind to several other protein targets including other p53 family members (Zeng et al. 1999) , the p300/CBP transcriptional coactivators (Grossman et al. 1998) , the E2F-DP1 family of transcription factors (Martin et al. 1995) , and the Rb protein (Xiao et al. 1995; Hsieh et al. 1999) . We noted Mdm2 overexpression in two tumors that either expressed mutant p53 or that completely lacked the gene (CR203 and CR320, Table 1 ). In tumors in which Mdm2 was overexpressed without concomitant ARF overexpression (CR17 and DF195, Table 1 ), there was no correlative evidence for p53 loss of function. Together, these data point to the possibility that an interaction of Mdm2 with targets other than p53 may also contribute to lymphomas in Eµ-myc transgenic animals.
In conclusion, we have documented genetic disruption of ARF or p53 in 13 of 25 lymphomas induced by the Eµ-myc transgene and have observed effects of Mdm2 on p19 ARF expression, presumably by disruption of p53 feedback control, in two additional cases. ARF and p53 loss of function occurred in a mutually exclusive manner in this series of tumors. In accord with the idea that Myc overexpression can select for the emergence of ARF null tumor cells, Eµ-myc-induced tumors arose much more rapidly in both ARF +/− and ARF −/− animals, and in the former case, the wild-type ARF allele was frequently deleted. These observations lend strong support to the concept that ARF loss attenuates Myc-induced apoptosis in vivo, enabling tumors to emerge more rapidly. Unexpectedly, Mdm2 was overexpressed in a significant fraction of ARF null tumors. Moreover, the combined loss of ARF and p53 in primary pre-B cells conferred a greater growth and survival advantage than the loss of either gene alone. Such results underscore the potential for collaboration between genes in the ARF-Mdm2-p53 pathway. In two tumors, overexpression of Mdm2 was observed in p53-negative cells, suggesting that ARF-Mdm2 signaling may target genes other than p53 during Mycinduced tumorigenesis, a possibility that merits future scrutiny. Finally, the fact that ∼20% of the analyzed tumors lacked detectable perturbations in ARF, p53, or Mdm2 implies that other genes act in concert with these three in Myc-induced B cell neoplasia.
Materials and methods
Interbreeding of mice, tumor surveillance, and histopathology ARF null mice (C57Bl/6 × 129/svj) (Kamijo et al. 1997 (Kamijo et al. , 1999a were interbred with Eµ-myc transgenic mice (Adams et al. 1985; Sidman et al. 1988) [inbred C57Bl/6 strain; kindly provided by Dr. Alan Harris (Walter and Eliza Hall Institute, Melbourne, Australia) and Dr. Charles Sidman (University of Cincinnati, OH)]. F 1 offspring were intercrossed to obtain ARF +/+ , ARF +/− , and ARF −/− Eµ-myc transgenic littermates. p53 null mice purchased from the Jackson Laboratories were kindly provided by Dr. Gerard Grosveld [St. Jude Children's Research Hospital (SJCRH)]. Dr. Gerard Zambetti (SJCRH) provided ARF-p53 double-null mice. Eµ-myc transgenic animals were observed daily for signs of morbidity and tumor development. Tumors that arose were harvested immediately after humane sacrifice of animals and were snap frozen in liquid nitrogen. Pieces of tumor tissue were extracted for analysis of DNA, RNA, and protein.
Histopathology of formalin-fixed lymph nodes, spleens, and other organs manifesting gross tumor involvement was determined after hematoxylin and eosin staining. Blood smears were stained with Wright-Giemsa.
Cell culture and virus infection
Primary pre-B cell cultures were generated as previously described (Borzillo and Sherr 1989) . Briefly, bone marrow was har-vested from 6-week-old ARF null, p53 null, and ARF-p53 double null mice, and from wild-type littermate controls. After hypotonic lysis of red blood cells, bone marrow cells were plated in a pre-B-cell culture system (Whitlock and Witte 1987) containing RPMI 1640 medium supplemented with 10% fetal calf serum, 55 µM 2-mercaptoethanol, 2 mM glutamine, penicillin, and streptomycin (GIBCO, Grand Island NY). Cultures of primary pre-B cells were initiated using NIH-3T3 feeder cells engineered to secrete IL-7 and then expanded without feeder layers using 10% IL-7-conditioned medium. After 1.5-3 weeks in culture, the surviving cells were immunophenotyped by flow cytometry and determined to be >95% positive pre-B cells (i.e., CD19 + , CD43 − , CD24 + , IgM − , and negative for T-cell-or myeloid/macrophage-specific markers).
The myc-ER TM cDNA provided by Drs. Dean Felsher and J. Michael Bishop (University of California, San Francisco) was subcloned into the MSCV-IRES-GFP virus obtained from Dr. Robert Hawley (Red Cross, New York, NY) (Hawley et al. 1994) . The chimeric form of Myc is retained in the cytoplasm complexed to hsp90, but after the addition of the estrogen agonist 4-HT, the chimeric protein is released, relocates to the nucleus, and activates transcription (Littlewood et al. 1995) . MSCVmyc-ER TM -IRES-GFP and control MSCV-IRES-GFP virus were produced by cotransfection of 293T cells with vector and helper virus plasmids (Roussel et al. 1995) . Viruses were harvested at intervals, pooled, filtered, and used to infect naive primary pre-B cell cultures in the presence of 8 µg/ml polybrene. Infected GFP-positive pre-B cells were sorted by FACS and expanded in liquid culture in IL-7-containing growth medium. The efficiency of infection ranged from 15%-65% using this protocol. Expression of the Myc-ER TM fusion protein was confirmed by immunoblotting and was similar in wild-type, ARF null, p53 null, and ARF-p53 double-null pre-B cells (Fig. 2) .
Viability and apoptosis quantification
The viability of each of the Myc-ER TM -GFP infected pre-B cell cultures was determined by trypan blue dye exclusion at specific intervals after the addition of 1 µM 4-HT (Sigma, St. Louis, MO). Apoptosis was determined by propidium iodide staining and quantitation of fragmented DNA (subG1) and verified both morphologically and by Hoescht 33342 staining followed by fluorescent microscopy.
Immunoblotting
Whole cell protein extracts from primary pre-B cells or pre-B and B-cell tumors from Eµ-myc transgenic mice were isolated as previously described . Briefly, cells were sonicated 2 × 7 sec after addition of ice-cold lysis buffer [50 mM HEPES (pH 7.5), 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 0.1% Tween 20, 1 mM PMSF, 0.4 U/ml aprotinin, 1 mM NaF, 10 mM ␤-glycerophosphate, 0.1 mM Na orthovanadate, and 10 µg/ ml leupeptin]. Undissolved material was sedimented in a microfuge (4°C, 7 min, 14,000 rpm), and protein in the supernatant was quantified. Protein (100-150 µg/lane) was electrophoretically separated in 7.5% or 10% polyacrylamide gels containing sodium dodecyl sulfate (SDS-PAGE). Proteins were transferred to nitrocellulose membranes (Protran, Schleicher & Schuell, Dassel, Germany) and blotted with antibodies specific for the mouse p19 ARF (Quelle et al. 1995b) or p16 INK4a (Quelle et al. 1995a ) carboxyl termini, p53 (Ab-7, Calbiochem, La Jolla, CA), Mdm2 (C-18, Santa Cruz, Inc., Santa Cruz, CA), and c-Myc (06-340, Upstate Biotechnology, NY).
Southern blotting
Genomic DNA was isolated from mouse tails and tumors arising in ARF +/+ Eµ-myc or ARF +/− Eµ-myc transgenic mice. Equal amounts of genomic DNA were digested with AflII, BamHI, or EcoRI, electrophoretically separated in agarose gels, and transferred to nitrocellulose membranes. The cDNAs coding for ARF (exon 1␤), p16
INK4a (exon 1␣), p53 (exons 2-10), and Mdm2 (Fakharzadeh et al. 1991) were used to probe the indicated DNAs.
